Six naturally occurring alleles representing four electromorphs of the enzyme glucose-6-phosphate dehydrogenase were transferred by Pl-mediated transduction from natural isolates of Escherichia coli into the genetic background of E. coli K12 and were studied in pairwise competition in chemostats limited for glucose in order to estimate differences in growth rate associated with the alleles. Although the level of resolution of such experiments is a growth rate differential of approximately 0.002 h-l, no significant differences among the strains were found. Studies of apparent K, and V,,, in crude enzyme extracts of the strains also failed to reveal any significant differences among the electromorphs.
Introduction
This paper reports the third in a series of loci in which naturally occurring allozyme alleles are transferred by transduction into the genetic background of E. coli K12 and examined for their effects on growth rate in chemostats. The objective of the study has been to determine by direct experiment the selective effects, if any, of such alleles and to define the nutritional or environmental conditions in which selection might be detected. Previous reports have focused on alleles of the gnd locus, which codes for 6-phosphogluconate dehydrogenase (Dykhuizen and Hart1 1980; Hart1 and Dykhuizen 1981) , and on alleles of the pgi locus, which codes for phosphoglucose isomerase (Dykhuizen and Hart1 1983~1) . The present report concerns alleles of the zwf locus, which is located at 41 min on the standard genetic map (Bachmann 1983 ) and codes for glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate: nicotinamide adenine dinucleotide phosphate [NADP] oxidoreductase, EC 1.1.1.49). The rationale of the study is that conclusions about the selective effects of allozymes may have little generality unless based on studies of a number of loci. The zwf locus was chosen for consideration because glucose-6-phosphate dehydrogenase (G6PD) catalyzes the first reaction in one branch of the two principal pathways of glucose-6-phosphate catabolism, the other branch being catalyzed by phosphoglucose isomerase, an enzyme studied previously (Dykhuizen and Hart1 1983a) . Glucose-6-phosphate dehydrogenase plays a key role in the oxidative branch of the pentose phosphate pathway. In E. coli, this pathway is the route through which an estimated lOY'&-30% of total utilized glucose is metabolized (Cohen 195 1; Wang et al. 1958; Model and Rittenberg 1967) ; it accounts for approximately 50% of the total ribose produced by the cells (Johnson et al. 1973) ; and it is generally agreed to be an important source of reducing power (Katz and Rognstad 1967) . Although the enzymes of the pathway, including G6PD, are produced constitutively in E. coli (Fraenkel and Levisohn 1967; Fraenkel 1968; Fraenkel and Banetjee 1971) , little is known about the overall regulation of the pathway other than that it is indeed regulated, most likely at the level of G6PD itself (Orthner and Pizer 1974) .
Given the metabolic importance of GGPD, it would not be surprising if selective constraints on the functional properties of the molecule were so stringent as to allow little functionally significant genetic polymorphism to remain segregating in natural populations. However, structural polymorphism does occur. Among 109 isolates of E. coli from diverse natural sources, five electromorphs of G6PD were recovered (Milkman 1973; Selander and Levin 1980) . Here we provide evidence that the structural variants are selectively neutral (functionally equivalent) insofar as can be determined by competition experiments in glucoselimited chemostats.
Material and Methods Strains
Strains used in the study are listed in table 1. Those used in the constructions or as controls are in the upper part of the table, the natural isolate sources of the zwf alleles are in the middle, and the strains used in the experiments are at the bottom. A zwf' allele from a natural isolate is designated as zwf' followed in parentheses by its strain of origin; zwf"(RM730 thus indicates the zwf" allele originally present in strain RM73C. Most strains in table 1 come in pairs consisting of the original TY (bacteriophage TS-sensitive) strain and one (or in two cases, two) spontaneous T5R (fhuA) mutant derivatives. j?zuA, formerly called tonA, is located at 4 min on the standard E. coli map and is concerned with ferric hydroxamate uptake, mutants also being resistant to bacteriophage T5 (Bachmann 1983) . j%uA is usually a selectively neutral marker convenient for chemostat studies, but in the chemostat-adapted strain DD1296 and its derivatives, the marker is nonneutral. This potential problem can be overcome by means of the proper controls. The strains bearing naturally occurring zwf" alleles in the genetic background of DD1296 were derived by means of the method outlined for DD1298 (and its DD1330 derivative) in table 2. Three sequential transductions of zwf" into DD725 were followed by one into DD1296, and at the two final steps the electromorph type was verified by electrophoresis.
Since there is no direct selection for Zwf+ , recipient strains DD725 and DD1296 carried an e&z-edd-zwf deletion (edd-I), permitting transfer of zwf" by cotransduction with eda, selection for Eda+ being on minimal glucuronate. The edd locus, at 41 min on the standard map (Bachmann 1983) , codes for phosphogluconate dehydratase (EC 4.2.1.12) and is important in gluconate metabolism but not in glucose metabolism. The closely 
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Ab From 250-h glucose-limited DD725 chemostat Hfr' gnd-I, relA1, pit-lo, spoTI, jhuA22, T2R 4d Fraenkel (1968) (Bachmann 1983 ). The symbolism 4a and 4b in table 1 designates two independent naturally occurring zwf' alleles of electromorph type 4, and similarly for 5a and 5b. In brackets at the right of the RM strains in table 1 are the number of strains, among 109 natural isolates, found to carry the corresponding electromorph.
Strain DD1296 warrants some comment because it was selected as a clone from a chemostat population of DD725 that had been maintained for 250 h in limiting glucose. This strain was chosen as the genetic background for the wildtype alleles in hope that such a chemostat-adapted strain would not be as susceptible to periodic selection as unadapted strains and would therefore allow longer experiments to be carried out. Periodic selection (Atwood et al. 195 1) refers to the hitchhiking of genetic markers with favorable mutations that occur in chemostat culture. Although strain DD1296 is demonstrably different from strain DD725 in its ability to grow in chemostats (data not shown), the characteristics of periodic selection in the two strains are indistinguishable.
Chemostats
Chemostat medium consists of Davis salts (40 mM K,HPO,, 15 mM KH,PO,, 7.6 mM [NH&SO,, 1.7 mM sodium citrate, and 0.8 mM MgSO,) with either limiting glucose (0.1 g/liter) or limiting gluconate (0.1 g/liter). Inoculation and sampling procedures were as described previously (Dykhuizen and Hart1 1983a) except that the total number of colonies counted for each sampled point was approximately 4,000. The dilution rate was adjusted to an average generation time of 1.69 h, and the standard deviation among experiments was + 0.09 h. The difference in specific growth rate between two competing strains, A and B, is estimated as the slope of the linear regression of In (A[t]lB[t]) against t; A(t) and B(t) are their relative densities at time t hours after inoculation (Dykhuizen and Hart1 1983b) . This slope, conventionally denoted s, measures the selection coefficient per hour. The approximate selection coefficient per generation can be calculated as (In 2)slD, where D is the fraction of the chemostat volume replaced per hour (Dykhuizen and Hart1 1983b) . The average value of D in the present experiments is D = 0.41, Statistical significance of a slope was assessed by means of the F-statistic in an analysis of variance of the regression (Snedecor and Cochran 1967) . Statistical significance of the difference between two slopes was assessed by means of the t-statistic calculated as in Snedecor and Cochran (1967) . Type I error refers to the rejection of a null hypothesis when it is, in fact, true.
Enzyme Studies
Overnight cultures were washed and sonicated in buffer (10 mM Tris hydrochloride, 10 mM MgCl,, and 1 mM dithiothreitol, pH 7.8). Reactions were carried out in 1 mM glucose-6-phosphate and 0.4 mM NADP in incubation buffer (50 mM Tris hydrochloride, 10 mM MgCl,, and 0.3 mM dithiothreitol, pH 7.6). K,,, and V,,,,, were estimated from equations described previously (Dykhuizen and Hart1 1983a) . 
Results

Controls
Experiments
Experimental results pertaining to six naturally occurring alleles are summarized in table 3. The experiments come in pairs that differ according to which allozyme-bearing strain is marked with j%uA. Were both the j7zuA and the associated allozyme alleles neutral, none of the slopes beyond the 5% expected from type I error would be significant. Were thefiuA marker neutral but the associated allozymes nonneutral, the slopes in the paired experiments would be expected to be the negatives of one another, and the difference between the slopes would estimate twice the selective effect of the allozyme difference. However, in the genetic background in table 3, which originated as a clone from a chemostat population of DD725 that had been maintained for 250 h in limiting glucose, the j7zuA marker is not selectively neutral as it is in many other strains. This marker effect is indicated by the consistently positive slope, significant in many cases, which corresponds to selection in favor of fluA. Nevertheless, since the experiments are paired, the difference between corresponding slopes still estimates twice the selective difference due to the associated zwf alleles, because in one combination the selective effect of an allozyme will help the progress of the selectively favored marker, but in the other case it will hinder it. Indeed, a paired comparison is more powerful than one based on individual slopes because it has more degrees of freedom. The relevant t-tests are shown in the last column of table 3, where it can be observed that none of the comparisons indicates significant divergence of allele frequency in any pair of experiments. Consequently, the data support the view that the naturally occurring zwfallozymes are selectively neutral at the level of resolution of chernostat competition experiments, which we have estimated elsewhere (Dykhuizen and Hart1 1983a) to be a selection coefficient of 0.002/h.
To determine whether the selective neutrality of zwf allozymes might occur in spite of differences in elementary kinetic parameters of the enzymes, assays of apparent K, and V,,, were carried out in extracts of the isogenic strains used in the competition experiments. In two experiments carried out at different times, no heterogeneity in K,,, or V,, among the allozymes was detected (data not shown). This supports the view that the allozymes are functionally equivalent under the assay conditions, but differences smaller than about 20% in the kinetic parameters of the enzymes would escape detection in these types of experiments.
Discussion
The situation regarding the selective effects of zwf allozymes is somewhat different from that found previously for gnd and pgi allozymes. In the case of gnd, the 6-phosphogluconate dehydrogenase enzyme is used in both glucose and gluconate metabolism. Although no significant selective effects were observed with glucose limitation, selection could be observed in some cases in limiting gluconate, depending on the particular allele and, in one case, the genetic background (Dykhuizen and Hart1 1980; Hart1 and Dykhuizen 1981) . In the pgi case, the phosphoglucose isomerase enzyme is used in both glucose and fructose metabolism, and, whereas selective neutrality was found with glucose, one allele was associated with a selective effect in fructose (Dykhuizen and Hart1 1983a) . With zwf, however, the enzyme is used only in the metabolism of glucose or substrates that are converted to glucose-6-phosphate, so the opportunity to examine the strains when cultured in a variety of essentially different substrates does not arise.
The situation with gnd and pgi has been described in terms of a potential for selection among the alleles-a potential that is unexpressed when glucose is the limiting substrate but that is expressed with one or more alternative substrates. We cannot exclude other types of selection potentials among the zwf alleles. Although the alleles are selectively neutral under the conditions we have examined, there remains the formal speculative possibility that selective differences could perhaps be revealed under alternative environmental conditions, which represents a possibility that can never be ruled out completely. Selection always involves an interaction between genotype and environment, and the findings with gnd and pgi provide ample precedent for neutrality in some conditions but selection in others. While such potentials for selection are a formal possibility, we have previously argued that competition for a single limiting substrate in chemostats may represent a selection intensity operating on the relevant enzymes that is greater than the selection intensity typically encountered in heterogeneous, fluctuating natural environments. Particularly for enzymes like G6PD, which utilize a single substrate and play a singular metabolic role, the failure to find selection in chemostats supports the hypothesis that the allozymes are neutral or nearly neutral under natural conditions. Whittam et al. (1983) and Selander and Whittam (1983) have studied 1,705 natural isolates of Escherichia coli by means of protein electrophoresis of 12 loci. They identified 302 distinct electrophoretic types but found that the E. coli strains could be classified into three groups of strains that were more similar to one Neutrality of G6PD Allozymes 169 another than to members of other such groups. These groups seem to represent common ancestry, perhaps remnants of past major selective changes in the E. coli population. Such clustering raises the possibility that some of the genetic variation among groups is not altogether selectively neutral but is genetically coadapted with other genes in the genetic background. Some of the strains used in the present study were also included in this extensive electrophoretic study, and Selander and Ochman (personal communication) have informed us that strain RM20 belongs to group II of the strains whereas RM73C, RM77C, and RM66A belong to group I. Since E. coli K12 belongs to group I, the strain DD1306 (and DD1334) represents a case in which the zwf allele from one group has been transferred into the genetic background of another. Our failure to find selective differences associated with these strains suggests that, whatever amount of genetic coadaptation there may be within the groups, some of the genetic variation within the groups is selectively neutral and has arisen during the expansion of the original, presumably selectively favored, clone.
